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Cross Reference to Related Applications 

This application claims the priority benefit of Japanese application serial no. 2001 - 
26901 0 filed on September 5, 2001 . 

Background of Invention 

[0001] Field of Invention: 

[0002] The present invention relates to a method for producing nitrogen by using a 
pressure swing adsorption (PSA) method with the air as a raw material, wherein a 
carbon molecular sieve (CMS) is particularly used as an adsorbent in order to produce 
high purity nitrogen gas. More particularly, the present invention relates to a method 
and an apparatus for producing nitrogen with a PSA method that uses a CMS 
adsorbent having suitable adsorption properties as evaluated with an index, which is 
for evaluating the gas separating ability of the adsorbent required for improving the 
performance of nitrogen production with PSA. 

[0003] Description of Related Art: 

[0004] 

In recent years, regarding the methods for producing nitrogen, a method that uses 
an adsorbent preferential adsorbing oxygen to produce high purity nitrogen gas 
a gas mixture of oxygen and nitrogen, such as the air, with a PSA method has been 
widely adopted. The carbon molecular sieve (CMS), as its name indicates, is an 
activated carbon that has the function of molecular sieving, and features with a 
smaller mean pore size and a sharper pore size distribution as compared with general 
activated carbon. Since the pore size of CMS is very close to the molecular size of the 
adsorbate, the adsorption rates are lower for certain adsorbent adsorbate 




combinations. For example, in the case that a nitrogen-rich gas is obtained from a 
gas mixture of oxygen and nitrogen like the air, the CMS preferably has an adsorption 
rate for nitrogen much lower than that for oxygen because of the difference between 
the molecular sizes of oxygen and nitrogen. 

[0005] A PSA method comprises the following steps. In an adsorption step wherein a raw 
gas is compressed under a proper pressure and then introduced into an adsorbing 
column formed with an adsorbent filling layer therein, the easy to adsorb component 
is adsorbed preferential and the difficult to adsorb component is collected as a 
product. When the adsorbent is saturated with the easy to adsorb component after the 
adsorption step is performed for a certain period, the raw gas supplied into the 
adsorbing column formed with the adsorbent layer therein in the adsorption step is 
switched off. The adsorbing column is opened to the atmosphere to lower the 
pressure in the column to the atmospheric pressure, so as to desorb the easy to 
adsorb component from the adsorbent for the regeneration of the adsorbent. By 
applying the above operation from a single column to a plurality of columns with the 
adsorption step and the regeneration step being repeated periodically, the product is 
obtained continuously. 

[0006] Similarly, a pressurization step, an adsorption step, a depressurization step and a 
regeneration step are performed sequentially in an apparatus that uses CMS as an 
adsorbent and utilizes the phenomenon that an adsorption rate for nitrogen is much 
smaller than that for oxygen, i.e., utilizes the difference between the adsorption rates 
of the two, to produce nitrogen from an O /N mixture gas such as the air. 
Generally, the process includes the exchange of gases between two adsorbing 
columns during the switch from the adsorption step to the depressurization step, and 
during the switch from the regeneration step to the pressurization step. Such an 
operation is called a "pressure equalizing operation between two columns". 

[0007] 

To improve the performance of a nitrogen PSA apparatus, many techniques are 
disclosed focusing on both the adsorbent and the PSA process itself. The correlation 
between the adsorbent and the nitrogen PSA apparatus is disclosed in Japanese Patent 
Publication No. Sho 54-1 7595, wherein the nitrogen PSA operation uses a coke 
molecular sieve obtained by introducing a hydrocarbon and decomposing it with 




pyrolysis to release carbon, and depositing the released carbon in the pores of coke. 
The nitrogen PSA operation features with that a raw gas is introduced with a flow- 

3 3 
through rate of 0.01 -0.04Nm per second with 1 m of the coke molecular sieve. 

[0008] Moreover, Japanese Patent Application Laid Open No. Sho 59-45914 relates to a 
method for fabricating a CMS used in a nitrogen PSA apparatus. The document 
discloses that an oxygen adsorption amount higher than 5ml_/g at equilibrium and a 
selectivity higher than 20-23 are preferable as being the necessary performances the 
adsorbent should have for effectively separating oxygen and nitrogen in the PSA 
process. The above values of selectivity are obtained by measuring the time needed 
for the sample to adsorb nitrogen to the same amount as the oxygen amount being 
adsorbed under 1 atm and 2 5 ° C for 5 seconds, and then taking the ratio of the two 
adsorption times, wherein the sample is kept in vacuum before adsorption. However, 
nothing is mentioned about the ranges of the adsorption rates for oxygen and 
nitrogen with the produced CMS in this application. 

[0009] On the other hand, Japanese Patent Application Laid Open No. Sho 59-1 8221 5 

discloses a CMS having a mean effective pore size of about 3-20 A , a required range 
of oxygen diffusibility and the selectivity ratio for oxygen adsorption and nitrogen 
adsorption. However, the range of the mean effective pore size is quite broad and the 
pore size suitable for separating oxygen and nitrogen is not clear in this application. 
Moreover, the validity of the oxygen diffusibility disclosed in the application cannot be 
judged because the results of using the nitrogen PSA apparatus are not described. 

[0010] 

Japanese Patent Application Laid Open No. Hei 3-23251 5 describes the use of a 
CMS that have adsorption amounts of 20-27mg/g and 1-6mg/g for oxygen and 
nitrogen, respectively, under an adsorption pressure of 245kPa (gauge pressure) after 
1 minute, and has an adsorption amount of 22-34mg/g for the two at equilibrium. 
The application also disclosed that the adsorption time in the high-pressure 
adsorption step is 1 30-300 seconds and the outflow rate (L/min) of the nitrogen 
product is 0.1-3.0 times the volume (L) of the adsorbing column in the PSA operation. 
In this application, the properties of the used adsorbent and the limitation of the 
range of the ratio of "the product outflow rate to the volume of the adsorbing 
column", which is the characteristic value of the PSA operation, are decided according 




to the concentration of the oxygen gas contained in the nitrogen product. 

[001 1] As described in the aforementioned prior art, many techniques are disclosed 

about the CMS adsorbent and the PSA process relating to a nitrogen PSA apparatus. 
The factors suitably indicating the properties of a CMS adsorbent, including the 
adsorbed amounts of oxygen and nitrogen at equilibrium and the ratio thereof, the 
adsorption rates for oxygen and nitrogen and the ratio thereof, and the adsorption 
times for oxygen and nitrogen and the ratio thereof, are proposed. However, no 
established evaluating method and indicator have been obtained so far and some 
problems have consequently occurred. Moreover, some market requirements, such as 
further miniaturization (compactification) of the nitrogen PSA apparatus and high 
purity (>99.99%) of the product, are not sufficiently satisfied in practice. 

Summary of Invention 

[001 2] In view of the aforementioned issues, this invention provides a new indicator 
capable of indicating the performance of a CMS. This invention also provides a PSA 
method that greatly improves the performance of the conventional nitrogen- 
producing apparatuses within a wide purity range of the nitrogen product from 99% to 
99.999% by using a CMS adsorbent having a suitable performance index. 

[001 3] ^ a f orementjonec | i SSU es, this invention provides a method for 

producing nitrogen by using a pressure swing adsorption (PSA) method with the air as 
a raw material, wherein the adsorbent used is a carbon molecular sieve (CMS) for 
selectively adsorbing oxygen. The time "TO" needed for the CMS to adsorb an oxygen 
amount of 50% of the saturated oxygen adsorption amount starting from oxygen 
supply is 5-1 0 seconds. The time "TN" needed for the CMS to adsorb a nitrogen 
amount of 50% of the saturated nitrogen adsorption amount starting from nitrogen 
supply is larger than TO by more than 41 times. The air is made to contact with the 
CMS and a pressure swing adsorption (PSA) process is performed to produce nitrogen. 
The method is operated in a state such that the production rate of nitrogen with one 

3 3 3 

ton of adsorbent is higher than lOONm /h(our), 1 50Nm /h or 250Nm /h as the 

oxygen concentration in the nitrogen product is 1 OOppm, 1 OOOppm or 1 OOOOppm, 
wherein the oxygen concentration serves as a purity indicator of the nitrogen product. 
Meanwhile, the method is operated in a state such that the processing rate of the raw 



air with one ton of adsorbent is lower than SOONm /h, 570Nm /h or 690Nm /h 
as the oxygen concentration in the nitrogen gas product is 1 OOppm, 1 OOOppm or 

1 OOOOppm, wherein the oxygen concentration serves as a purity indicator of the 

nitrogen product. 

[0014] The apparatus for producing nitrogen of this invention comprises an air 

compressor, a dryer, at least one adsorbing column and a product tank. The air 
compressor is used to compress the air and the dryer to remove water from the 
compressed air. The adsorbing column is filled with an adsorbent capable of 
selectively adsorbing oxygen, while the compressed air is introduced into the 
adsorbing column for selective adsorption of oxygen after water is removed. The 
product tank is used to temporarily store the nitrogen product conducted out of the 
adsorbing column after oxygen is removed in the adsorbing column. In the adsorbing 
column, an adsorption step and a depressurization regeneration step are alternatively 
and periodically switched to implement a pressure swing adsorption (PSA) process. 
The adsorption step comprises compressively introducing the raw air into the 
adsorbing column, and the depressurization regeneration step comprises releasing 
the pressurized gas in the adsorbing column after the adsorption step. The adsorbent 
is a carbon molecular sieve (CMS) capable of selectively adsorbing oxygen, which 
adsorbs an oxygen amount of 50% of the saturated oxygen adsorption amount with a 
period "TO" of 5-10 seconds starting from oxygen supply, and adsorbs a nitrogen 
amount of 50% of the saturated nitrogen adsorption amount with a period "TN'larger 
than TO by more than 41 times starting from nitrogen supply. 

[001 5] It is to be understood that both the foregoing general description and the 

following detailed description are exemplary, and are intended to provide further 
explanation of the invention as claimed. 

Brief Description of Drawings 

[0016] The accompanying drawings are included to provide a further understanding of 
the invention, and are incorporated in and constitute a part of this specification. The 
drawings illustrate embodiments of the invention and, together with the description, 
serve to explain the principles of the invention. In the drawings, 




[001 7] FIG. 1 plots the pressure decay with time caused by adsorption with the CMS 
adsorbent; and 

[001 8] FIG. 2 illustrates a schematic view of an example of the nitrogen PSA apparatus 
according to this invention. 

Detailed Description 

[001 9] This invention uses a carbon molecular sieve (CMS) that selectively adsorbs 

oxygen as an adsorbent to produce nitrogen from the raw air with a pressure swing 
adsorption (PSA) method. An indicator suitably indicating the properties of the carbon 
molecular sieve, and the correlation between the indicator and the nitrogen- 
apparatus are obtained in this invention. 

[0020] <Property Indicator of Adsorbents of this lnvention> 

[0021] The properties of CMS, namely the adsorption rate and the separating ratio, have 
been considered in the prior art, while one example is described in "Extended 
Abstracts, International Symposium on Carbon: New Processing and New Application, 
1 982, p.438, Fig. 5". As described in the article, when the diffusion coefficient of 
oxygen is larger (i.e., the oxygen adsorption rate is larger), the ratio of the diffusion 
coefficients of oxygen and nitrogen, namely the separating ratio, is smaller. The 
correlation itself is still effective as being a fundamental principle since when the 
performances of the commercially available CMS and the CMS fabricated in this 
invention are compared, similar ranges of separating ratio are observed within the 
adsorption rate range of CMS used in nitrogen PSA. Moreover, inspecting the CMS 
used in conventional PSA methods confirms that the adsorption rate is under a 
specific value. This can be generalized to a rule with the aforementioned references 
that a separating ratio over a certain value is a requirement for the PSA method. 

^° 022 ^ In order to specify the measured values that relate to the adsorption rates serving 
as property indexes of the CMS in this invention, the measuring method is specified at 
first. The apparatus for measuring the adsorbed amounts is Belsoap 28 manufactured 
by BELL JAPAN KK., which is commercially available and is widely used. The apparatus 
applies the so-called constant volume adsorption method to measure the adsorbed 
amounts, in which the gas is supplied stepwise to the regenerated adsorbent. By 




measuring the pressure variation in the system starting from the gas supply during 
the process, the adsorption rate can be measured. 

[0023] An example of the pressure variation curves measured with Belsoap 28 is plotted 
in FIG. 1 . The transverse axis of FIG. 1 represents the time (second) and the vertical 
axis represents the pressure variation ratio "( p P2 ) / ( p0 P2 ) ". The ratio takes the 
pressure "P2"at equilibrium into account for the pressure "p n at a time point with the 
difference between the initial pressure "pO'and the pressure "P2"at equilibrium as a 
base value. 

[0024] Generally, a pressure variation curve with adsorption is approximately point 

symmetric to the point at the middle pressure, which is between the initial pressure 
and the pressure at equilibrium and is equal to one half of the difference between the 
initial pressure and the pressure at equilibrium. When a theoretical curve based on the 
adsorption theorem is used to fit the experimental data to derive the mass transfer 
coefficient, the adsorption amounts around 50% of the adsorbed amount at 
equilibrium are mainly used. The comparison of the magnitudes of the mass transfer 
coefficients serving as indicators of the adsorption rates is considered most 
quantitative. However, since the theoretical curve cannot completely fit the 
experimental data, the derived mass transfer coefficient cannot be considered correct. 
Therefore, it is simple to use "the time TO/TN needed to adsorb 50% of the adsorbed 
amount at equilibrium starting from the oxygen/nitrogen supply when the oxygen or 
nitrogen gas is supplied from a gas cylinder to the regenerated CMS (kept under 
vacuum before adsorption) for adsorption'as the indicator of the adsorption rate for 
comparison. Another advantage is that the property index can be obtained without the 
interference of individual errors. 

[0025] Preparation of Adsorbents Having Adsorption Property Indexes of this 
lnvention> 

[0026] Carbon molecular sieves (CMS) having various adsorption rates are obtained from 
commercial products or fabricated experimentally. The fabricating method of the raw 
material of CMS, the activated carbon, is not particularly restricted in this invention. 
This invention can use dry-distilled carbon produced from coconut shells as the raw 
material of CMS based on the technique disclosed in JP 2995495. A selection for the 




characteristics of the activated carbon materials is done with the adsorbed benzene 
amount as an indicator. The adsorbed benzene amount is measured by using the so- 
called gas flow method, wherein benzene vapor is carried with a nitrogen flow to be 
adsorbed by the activated carbon at 2 5 ° C. The activated carbon materials having 
benzene adsorption amounts of 0.05-0.1 2g/g are suitable raw materials. It is 
considered that a larger adsorption amount implies that the pore sizes are larger; 
while a smaller adsorption amount implies that the pores having a size enough for 
passing benzene are fewer, i.e., the smaller size pores are greater. 

[0027] The method for producing CMS from an activated carbon material refers to 
Japanese Patent Publication No. Sho 54-1 7595, in which a nitrogen gas flow 
containing benzene of 2% is heated and conducted onto the activated carbon material 
kept in a furnace, wherein the temperature for pyrolyzing benzene is chosen to be 
700-750 ° C. By adjusting the deposition time of pyrolyzing-produced carbon on the 
activated carbon material, the CMS adsorbents having high adsorption rates and those 
having low adsorption rates are fabricated. 

[0028] The reasons that the adsorbed amount of benzene is taken as an indicator on the 
selection of the activated carbon materials are as follows. When the activated carbon 
having larger pore sizes is used for CMS fabrication, the treating time for converting 
the activated carbon to CMS becomes longer and the conversion is easily affected by 
outer interference. Consequently, it is difficult to form a CMS with a uniform pore size 
and the required separating ratio cannot be acquired. On the other hand, when the 
pore sizes of the activated carbon material shift to smaller ones, the time needed for 
converting the activated carbon to CMS is shorter and there are differences between 
the easy to deposit regions and the difficult to deposit regions. Therefore, it tends to 
be difficult to fabricate a CMS having a uniform adsorption rate. 

[0029] 

Under the aforementioned conditions, some carbon molecular sieves (CMS) are prepared 
by depositing the carbon produced by benzene pyrolysis onto the activated carbon material. 
By adjusting the treating time of carbon deposition, six CMS adsorbents having different 
times for adsorbing an amount of 50% of the adsorbed amount at equilibrium (i.e., different 
adsorption rates) are fabricated experimentally, including CMS-A, CMS-B, CMS-C, CMS-D, 
CMS-E and CMS-F. For these CMS adsorbents, the time "TO" needed to adsorb an oxygen 



amount of 50% of the adsorbed amount of oxygen at equilibrium, the time "TN'needed to 
adsorb a nitrogen amount of 50% of the adsorbed amount of nitrogen at equilibrium, and the 
ratio (separating ratio) "TN/TO" are listed in Table 1 . The CMS is used to adsorb the gas at 25 
0 C under an initial pressure of 26.7kPa (absolute pressure) in the commercially available 
apparatus "Belsoap 28" for measuring the adsorbed amounts. The gas in introduced under 
specific measuring conditions, including an adsorption temperature of 25 ° C and an initial 
pressure of 26.7kPa (absolute pressure). The values measured with the adsorption amount 
measuring apparatus, Belsoap 28, are listed in Table 1 . 
[tl] 



Table 1 



Adsorbent 

j 
i 


TO for oxygen 
[second] 


TN for nitrogen 
[second] 


TN/TO 
[-] 


1 CMS-A 


13 7 


5 SO 


42 


CMS-B 


11 


460 


42 


CMS-C 


9.6 


420 


44 


CMS-D 


8.2 


325 


40 


CMS-E 


6.8 


285 


42 


CMS-F 


5 8 


210 

j 


36 



< Correlation between Nitrogen Purity and Nitrogen-Collecting Rate with PSA Nitrogen- 
Producing Apparatus and Operating Conditions > 



The nitrogen PSA process essentially consists of an adsorption step conducted 
under a relatively high pressure and a regeneration step under a relatively low 
pressure. Meanwhile, a pressurizing operation is included for raising the pressure 
from that of the regeneration step to the adsorption pressure, and a depressurizing 



operation is included for lowering the pressure from that of the adsorption step to 
that of the regeneration step. Moreover, a pressure equalizing operation is included, 
in which some of the adsorbing columns conducting the pressurizing operation and 
those conducting the depressurizing operation are connected. Thus, the gas in the 
columns of the adsorption step having high pressure can be recycled by the columns 
of the regeneration step having low pressure. 

[003 1] In the case that two adsorbing columns are used, generally, when an adsorption 
step is performed in one column, a regeneration step is performed in the other. 
Therefore, by alternatively and periodically switching the adsorption step and the 
regeneration step, the product are obtained continuously. A schematic diagram of a 
nitrogen PSA apparatus of this invention is illustrated in FIG. 2 for explaining the 
nitrogen-producing method of this invention. At first, the raw air is compressed to a 
predetermined pressure, such as a maximal pressure of 786kPa (gauge pressure), by 
using an air compressor 1 3, and then supplied to adsorbing columns 1 1 and 1 2 
through an air dryer 1 4. The adsorbing columns 1 1 and 1 2 are filled with CMS. 

[0032] When an adsorption step is performed in the adsorbing column 1 1 and a 

regeneration step is performed in the adsorbing column 12, the raw air is supplied to 
the adsorbing column 1 1 through the valve 1 7 after compressed by the air 
compressor 1 3 and conducted through the air dryer 1 4 to be dried with water 
removal. The compressed raw air supplied into the adsorbing column 1 1 contacts with 
the CMS filled in the adsorbing column 1 1 , wherein the oxygen is selectively adsorbed 
and removed. Nitrogen that is more difficult to adsorb as compared with oxygen is 
collected from the valve 23 and stored in the product tank 29 before being supplied 

/ users. 

[0033] On the other hand, in the adsorbing column 1 2 under the regeneration step, the 
valve 20 is opened to release the gas therein into the atmosphere to lower the 
pressure in the adsorbing column 12 and desorb the adsorbed oxygen. Meanwhile, a 
portion of the nitrogen product is supplied to the adsorbing column 1 2 through a 
valve 30 and a valve 25 to purge the oxygen-rich gas remaining in the adsorbing 
column 1 2. 



When the adsorption step in the adsorbing column 1 1 and the regeneration step 




in the adsorbing column 1 2 are finished, the valves 17, 18, 19, 20, 23 and 24 are 
closed and the valves 21,25 and 26 are opened. Thus, the gas remaining in the 
adsorbing column 1 1 at the end of the adsorption step is recycled by the adsorbing 
column 1 2 that has a low pressure after the regeneration step. Such an operation is 
called a "pressure equalizing operation", by which the pressure in the adsorbing 
column 1 1 is equalized/lowered and that in the adsorbing column 12 is 
equalized/raised. When the adsorption step is finished, the pressure in the adsorbing 
column is somewhat lower than the output pressure of the air compressor because of 
the pressure loss caused by the adsorbent filling layer and the pipeline. The pressure 
is lowered to, for example, 637kPa (gauge pressure) and the pressure in the 
regeneration step, which is conducted under the atmosphere, is OkPa (gauge 
pressure). Therefore, the pressures in the two connecting columns are both about 
31 9kPa [ = ( 0 + 637 ) / 2 ], wherein the pressure at the pressure equalizing/raising 
side is slightly lower because the equalizing time is quite short in practice. 

[0035] After the pressure equalizing process is finished, the valves 21,25 and 26 for 
pressure equalization are closed and the valve 1 8 is opened to release the gas 
remaining in the adsorbing column 1 1 to the atmosphere to perform a regeneration 
step. Meanwhile, in the adsorbing column 12, the valve 1 9 is opened and the raw air 
compressed by the air compressor 1 3 is supplied to raise the pressure to a 
predetermined adsorption pressure after the pressure therein is raised relatively in the 
aforementioned pressure-equalizing step. Moreover, when the process switches from 
the pressurized state with the air being supplied into the adsorbing column to the 
state of collecting the nitrogen product, the valve 23 or 24 is opened at the moment 
that the pressure inside the adsorbing column exceeds that inside the product tank 
29. In addition, when the air is being supplied to the adsorbing column, the pressure 
inside the adsorbing column generally tends to increase continuously until the end of 
the adsorption step since the air is supplied continuously from the pressurizing 
operation to the end of the adsorption step. 

[0036] | n t ^ e p SA procesSt t he cycle time is an important operating parameter and is 

selected referring to the oxygen adsorption rate of the used CMS. That is, when the 
oxygen adsorption rate is high, a short cycle time is suitably selected; if the oxygen 
adsorption rate is low, a long cycle time is used for adsorbing sufficient oxygen. 



However, the amount of the adsorbed nitrogen that should be the product is also 
increased at the same time, so the recovery ratio of the product might be lowered. 

[0037] Next, the performance of the nitrogen PSA apparatus is specified by the factors 

such as the filled amount of the necessary CMS adsorbent [kg], the rates of air supply 

[Nm /h] and nitrogen collection [Nm 3 /h], etc. For a nitrogen PSA apparatus, a good 
performance means that more nitrogen can be obtained with a smaller amount of the 

filled adsorbent and therefore a smaller amount of air supply is needed. If the 

conditions of the PSA operation (the pressures of the adsorption step and the 

regeneration step, and the cycle time used in the PSA process) are constant, the 

nitrogen PSA apparatus has the characteristics described below. When a larger amount 

of product is collected, lower nitrogen purity is obtained correspondingly, which 

means that more oxygen is contained as the impurity. On the contrary, when the 

collected amount of the nitrogen product is decreased, the purity of the nitrogen 

product is raised correspondingly, which means that less oxygen is contained as the 

impurity. 

[0038] Here ^ when a nitrogen product is collected with a rate of QN [Nm 3 /h] and a 
purity of 99%, the nitrogen recovery ratio q [96] is expressed by the equation below 

with the supply rate Q [Nm 3 /h] of the raw air: 

Air 

[0039] H = [ (QN x 0.99) / (Q x 0.79) ] x 1 00 
2 Air 

[0040] Though the air also contains argon (Ar) of about }% in total volume, argon is 

considered the same as nitrogen since argon is also an inert gas. It can be understood 
from the equation above that an increased nitrogen recovery ratio n [%] corresponds 
to a reduced consumption of the raw air, which means that less power is required for 
compressing the raw air. 

[0041] If the CMS filled into the adsorbing column has a weight of W [ton], the nitrogen 
production rate per unit adsorbent weight is expressed by the equation: 

[0042] wO = QN / W 
[0043] 

Accordingly, when the nitrogen production rate per unit adsorbent weight (wO) is 
higher, the adsorbent amount (W) needed for producing nitrogen in a constant rate 

k nn in. <-,.--. 




(QN ) is smaller. Therefore, the size of the adsorbing column can be reduced and 
cost of the adsorbent can be decreased. Moreover, the adsorbent weight having a unit 

of "ton"can also be used to calculate the volume [m 3 ] needed for filling necessary 

adsorbent with a given filling density [kg/m 3 ] of the adsorbent. This is just a unit 
conversion problem. 

[0044] As described above, when the PSA operating conditions (the pressures of the 
adsorption step and the regeneration step, and the cycle time) are constant, the 
nitrogen PSA apparatus has the characteristics described below. When a larger amount 
of product is collected, lower nitrogen purity is obtained correspondingly, which 
means that more oxygen is contained as the impurity. On the contrary, when the 
collected amount of the nitrogen product is decreased, the purity of the nitrogen 
product is raised correspondingly (less oxygen is contained as the impurity) and 
stabilized. Generally, if a CMS having good performance is used, a nitrogen gas 
product can be obtained with required purity or a required production rate with a 
smaller amount of filled CMS (in the design of the apparatus, the filled amount of CMS 
is determined according to the required nitrogen purity and the required nitrogen 
production rate). That is, if the performance of the CMS used in PSA nitrogen 
production is specified, the purity of the nitrogen product and the obtained 
production rate are determined. That is to say, if the CMS described in this invention 
is used to separate a nitrogen-rich gas with a PSA method, the nitrogen production 
rate per unit adsorbent weight is remarkably larger as compared with the CMS used in 
the prior art. 

[0045] Next, when a nitrogen-rich gas is separated from the air with the nitrogen PSA 
apparatus using a CMS of this invention, the nitrogen production rates per unit 
adsorbent weight corresponding to oxygen concentrations of 1 OOppm, 1 OOOppm and 
lOOOOppm, respectively, are measured. The nitrogen production rates per unit 
adsorbent weight is defined as 

(the capability of producing nitrogen product of the apparatus [Nm 3 /h]) 
/ (the amount of the filled adsorbent [ton]). 

The nitrogen production rate per unit adsorbent weight provides the correlation 



[0046] 
[0047] 
[0048] 




between the scale of the adsorbing column (specifically, the required amount of the 
filled adsorbent) of the nitrogen PSA apparatus using the adsorbent of this invention 
and the amount of the nitrogen-rich gas obtained from the apparatus. 

[0049] Example 1 

[0050] In Example 1 , the six kinds of CMS adsorbents, CMS-A, CMS-B, CMS-C, CMD-D, 
CMS-E and CMS-F, having different times for adsorbing an amount of 50% of the 
adsorbed amount at equilibrium as shown in Table 1 are used in the nitrogen PSA 
apparatus illustrated in FIG. 2. The experimental conditions are as follows: 

[005 1 ] < Conditions of PSA Process > 

[0052] • Adsorption pressure: pressure at the end of the adsorption step: 637kPa (gauge) 
[0053] • Half cycle time: 

[0054] CMS-A: 1 20 (seconds), CMS-B: 120 s, CMS-C: 1 20 s 
[0055] CMS-D: 90 s CMS-E: 90 s CMS-F: 90 s 

[0056] • PSA process: air pressurization adsorption equalization/depressurization 

depressurization regeneration purging regeneration equalization/pressurizationWhen 
the half cycle time is 90 seconds, for example:from air pressurization to adsorption: 
85 seconds 

[0057] equalization/depressurization: 5 seconds 

[0058] from depressurization regeneration to purging regeneration: 85 seconds 
[0059] equalization/pressurization: 5 seconds 

[0060] The processing time from air pressurization to equalization/depressurization and 
that from depressurization regeneration to equalization/pressurization both are equal 
to the half cycle time. 

[0061] • Amount of used adsorbent: 1 6 kg (filled amount in one column) 

[0062] • Volume of the adsorbing column: 23.7 liter 



[0063] • Experiment temperature: 2 5 0 C 
[0064] 



The experiments are conducted under the aforementioned operating conditions, wherein 
a suitable half cycle time is selected for each kind of adsorbent. For each kind of adsorbent, 

the nitrogen recovery ratio n [%] and the unit collection rate wO [Nm /h/ton] ( wO = 
(nitrogen production rate) / (amount of adsorbent filled in one column) ) that indicates the 

performance of the PSA process are listed in Table 2. 

[t3] 



Table 2 



Purity of 

nitrogen 

[product 
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CMS-A 


CMS-B 


CMS-C 


CMS-D 


CMS-E 


CMS-F 
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WO i 
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: wO 
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wO 
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wO 
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WO 


q wO 


99% 


53 


185 


53 


210 


57 


250 


52 


260 


55 


300 
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41 
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40 
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46 
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44 


180 
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34 


65 


30 
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35 


107 1 


29 


100 


33 


116 


29 ; 116 



tj: nitrogen recovery ratio 

wO: nitrogen collection rate per unit adsorbent weight 



The results in Table 1 & 2 obviously implies that the CMS that adsorbs an oxygen 
amount of 50% of the saturated oxygen adsorption amount with a period TO shorter 
than 10 seconds can make a higher collection rate in the PSA process. The adsorbents 
CMS-C, D, E & F having adsorption times TO from 5.8s to 6.9s as shown in Table 1 all 




have relatively higher collection rates. That is, the adsorbents CMS-C, D, E & F that 
have adsorption times (TO) for adsorbing 50% of the saturated oxygen adsorption 
amount shorter than 1 0 seconds have collection rates about 20% higher than those of 
CMS-A & B that have adsorption times (TO) longer than 10 seconds. That is, the 
performance variation of the nitrogen PSA apparatus is obviously large with only a 
variation of 1-2 seconds in the adsorption time "TO"needed for 50% of the saturated 
adsorption amount. Therefore, it is confirmed that the time "TO" needed to adsorb an 
oxygen amount of 50% of the saturated oxygen adsorption amount is preferably 5-10 
seconds. 

[0066] On the other hand, by analyzing the nitrogen recovery ratios r| that indicate the 
performances of the PSA nitrogen-producing method, it is understood that CMS- D & 
F have smaller nitrogen recovery ratios as compared with CMS-A, B, C and E. 
Meanwhile, by comparing the ratios (separating ratios) "TN/TO"of CMS-D & F with 
those of CMS-A, B, C and E, as shown in Table 1 , it is noted that the "TN/TO"ratio is 
either lower than 41 or higher than 41 , and a boundary is thus confirmed, wherein TN 
is the time needed to adsorb 50% of the saturated nitrogen adsorption amount, and 
TO is the time needed to adsorb 50% of the saturated oxygen adsorption amount. 

[0067] The adsorption pressure used in the PSA operation can be selected arbitrarily. 

Therefore, with the aforementioned PSA operation, the nitrogen-producing rate QN 
varies with the used adsorption pressure. Accordingly, one feature of this invention is 
that the nitrogen-producing rate is specified by the operating conditions based on 
Example 1 . That is, by using CMS-C & E having specified adsorption times (TO) for 
adsorbing 50% of the oxygen adsorption amount at equilibrium and specified 

separating ratios (TN/TO), the nitrogen product can be collected more efficiently with 

3 3 3 

a nitrogen-producing rate is higher than 1 OONm /h, 1 50Nm /h, or 2 50Nm /h 

with one ton of adsorbent as the oxygen concentration is 1 OOppm, 1 OOOppm, or 
1 OOOOppm. The lower limits are for the adsorbent CMS-C having a lower collection 
rate among the two (CMS-C and CMS-E) having specified adsorption times TO for 
adsorbing 50% of the oxygen adsorption amount at equilibrium and specified 
separating ratios (TN/TO). Besides, this invention is not only restricted to use the 
operating conditions in the aforementioned sample, but also allows some 
modifications of the general PSA operating conditions. 



[0068] Example 2 

[0069] Next, in Example 2, a nitrogen-rich gas is separated from the raw air with the 

nitrogen PSA apparatus using the six kinds of CMS (CMS-A, B, C, D, E and F). The air 

processing rates per unit adsorbent weight [Nm 3 /h/ton] ( = (raw air processing 

ability of the apparatus [Nm 3 /h]) / (adsorbent filling amount [ton]) ) are obtained 
when the oxygen concentration in the nitrogen product are 1 OOppn, 1 OOOppm and 

1 OOOOppm, respectively. The air-processing rate per unit adsorbent weight specifies 

the correlation between the air-processing rate and the adsorbent amount required 

for obtaining a nitrogen-rich gas. 

[0070] As described above, the nitrogen recovery ratio is an important property of the 

nitrogen PSA apparatus, and the nitrogen recovery ratio of the nitrogen PSA apparatus 
is determined by the characteristics of the CMS used. The air-processing rate per unit 

3 

adsorbent weight [Nm /h/ton] is expressed by the equation with the nitrogen 
recovery ratio: 

t 0071 ] air-processing rate per unit adsorbent weight [Nm 3 /h/ton] 
[0072] = ( flow rate of nitrogen product x nitrogen percentage ) 

[0073] / (nitrogen recovery ratio x 0.79 x amount of filled adsorbent) 

[0074] 



Now, for the six kinds of adsorbents mentioned above, the results of Example 1 are 
substituted into the equation above to obtain the air-processing rate per unit adsorbent 
weight, wherein the nitrogen PSA apparatus illustrated in FIG. 2 is used to perform 
experiments in Example 1 . The results are listed in Table 3. In addition, the weight of the 
filled adsorbent is one ton. 
[t4] 



Table 3 



Purity of 
nitrogen gas 
product 


Air-processing rate (NmVh/ton) 


CMS-A 


! CMS-B 


CMS-C 


! 

j CMS-D CMS-E 


CMS-F 


99% 


437 


497 


550 


627 | 684 


694 


99 9% 


355 


411 


412 


506 517 


576 


99 99% 


242 


359 


387 


436 445 
. 1 . 


506 



[0075] From the results in Table 3, the following operating conditions are confirmed to 
be preferable: 

[0076] 

. When the oxygen concentration in the collected nitrogen product is lOOppm 




(nitrogen purity = 99.99%), the adsorbent CMS-F has an air processing rate higher 

than 500 [Nm 3 /h/ton], which is much higher than those of the other adsorbents. 
CMS-A, B, C, D and E have lower air-processing rates approximately under 450 [Nm 

3 /h/ton]. 

[0077] A good performance of the adsorbent means that more air can be processed and 
more nitrogen can be collected. In consideration of this, when the oxygen 
concentration is 1 OOppm and CMS-D, for example, is taken as a standard, the 
adsorbents making higher product collecting rates are CMS-C, E and F. On the other 
hand, with the air-processing rate of CMS-D as a base value, the air-processing rates 
of CMS-C and E are 1 1 % lower and + 2% higher, respectively, while that of CMS-F is 
+ 1 6% higher. Therefore, when the oxygen concentration is 1 OOppm, the preferable 
adsorbents are CMS-C, D & E. 

• When the oxygen concentration in the collected nitrogen product is 1 OOOppm 
(nitrogen purity = 99.9%), the adsorbent CMS-F has an air processing rate higher than 

570 [Nm 3 /h/ton], which is remarkably higher than those of the other adsorbents. 
CMS-A, B, C, D and E have lower air-processing rates under 520 [Nm 3 /h/ton]. 

Analogously, when the nitrogen concentration is 1 OOOppm and CMS-D, for 
example, is taken as a standard, the adsorbents making higher nitrogen-producing 
rates are CMS-E and F. The air-processing rate of CMS-E is +2% higher, while that of 
CMS-F is + 1 4% higher. On the other hand, the product-collecting rate of CMS-C is 6% 
lower and its air-processing rate is 19% lower, which indicates a better efficiency in 
product collection. Therefore, when the oxygen concentration is 1 OOOppm, the 
preferable adsorbents are CMS-C, D & E. 

[0080] • When the oxygen concentration in the collected nitrogen gas product is 

1 OOOOppm (nitrogen purity = 99%), the air processing rates of all adsorbents are 
dispersive and the differentiation is difficult to make with only the data of the air 
processing rates. 

[0081] 

Analogously, CMS-D are taken as a standard, the adsorbents that have nitrogen- 
collecting rates higher than that of CMS-D are CMS-E and F. However, the nitrogen- 
collecting rate of CMS-E is increased by + 1 5% with only an increase of +9% in the air 



[0078] 



[0079] 



processing rate, while the nitrogen-collecting rate of CMS-F is increased by only + 7% 
even the air processing rate is increased by +1 1%. For CMS-C, the nitrogen-collecting 
rate is 4% lower but the air-processing rate is 1 2% lower, which indicates a better 
efficiency in product collection. Therefore, when the oxygen concentration 
is 1 OOOOppm, the preferable adsorbents are CMS-C, D & E. 

[0082] The comparison made above is an example that uses CMS-D as a standard, so 
CMS-C, D & E are considered superior at any nitrogen purity. However, if CMS-E is 
taken as the standard, the air-processing rate variations of CMS-D are 8%, 2% and 2%, 
and the nitrogen-collecting rate variations are 13%, 1 1 % and 1 4% as the nitrogen 
purity is 99%, 99.9% and 99.99%, respectively, which means that the efficiency of 
nitrogen recovery is remarkably lower. On the contrary, with CMS-E as a standard, the 
air-processing rate variations of CMS-C are 20%, 20% and 13%, and the nitrogen- 
collecting rate variations are 1 7%, 1 7% and 8% as the nitrogen purity is 99%, 99.9% and 
99.99%, respectively, which means that the efficiency in nitrogen collection is higher. 
Therefore, the preferable adsorbents are CMS-C and E. Moreover, the ratio TN (for N 

) / TO (for O ) suitably serves as the indicator of the property of the adsorbent 
relating with the air-processing rate since CMS-F that has a sufficiently small TO value 
(i.e., a sufficient adsorption rate) but an insufficient ratio of TN to TO, as shown in 
Table 1 , is not good in the results of PSA evaluation shown in Table 2 & 3. 

3 3 

Accordingly, the air-processing rates of CMS-F, SOONrn /h/ton, 570Nm /h/ton 

and 690Nm 3 /h/ton, are taken as the upper limits as the oxygen concentrations are 
lOOppm, lOOOppm and 1 OOOOppm, respectively. 

[0083] Moreover, when the adsorbent in claim 1 of this invention is used, PSA 

performance can be obtained with the numerical limits described in claims 2 and 3 as 
the oxygen concentrations in nitrogen are lOOppm, lOOOppm, or 1 OOOOppm. 
However, for commercial apparatuses, a single apparatus is not used to produce 
nitrogen products of various concentrations and is constituted so that the specific 
concentration required by the customers can be generated. Therefore, by comparing 
the specified concentration and those claimed in this invention, the concentration 
condition of the nitrogen product produced by the commercial apparatus conflicts 
with the restricted range of this invention. Besides, in the domains of intermediate 
concentration, the process conditions are derived by connecting the two points at 




1 0Oppm and 1 OOOppm, respectively, with a line and by connecting the two points at 



lOOOppm and lOOOOppm, respectively, with a line, and using an interpolation 



method. 



[0084] 



As described above, this invention uses a carbon molecular sieve (CMS) that 



selectively adsorbs oxygen in an apparatus producing nitrogen from the air. The CMS 
is characterized in that the time "TO" needed for adsorbing an oxygen amount of 50% 
of the saturated adsorption amount is 5-1 0 seconds and the time "TNfneeded for 
adsorbing a nitrogen amount of 50% of the saturated adsorption amount is larger than 
"TO" by more than 41 times, so the performance of the producing apparatus can be 
improved. Therefore, the properties of the CMS required for collecting nitrogen more 
effectively with the PSA method can be obtained with the adequate indication of the 
aforementioned indicators (TO and TN/TO). 

[0085] Moreover, by using the CMS adsorbents having the property index mentioned 
above, the nitrogen-producing rate corresponding to the oxygen impurity 
concentrations of lOOppm, 1 OOOppm, and lOOOOppm are raised higher than lOONm 

^ /h, 1 50Nm ^ /h, and 250Nm ^ /h, respectively. Therefore, the nitrogen collection 
can be more effective with the recovery ratio being increased higher than 5 5%, 44% or 

33% when the nitrogen purity is 99%, 99.9% or 99.99%. 

[0086] Furthermore, by using the CMS adsorbents having the aforementioned property 
index of this invention, the feasible processing capacity of the operation can be 
effectively increased and nitrogen production can be conducted with better operating 
effects, and the apparatus can be further miniaturized (compactified). Meanwhile, the 
adsorbent properties effective for achieving a high product purity (>99.999%) can be 
discovered. 

[0087] It will be apparent to those skilled in the art that various modifications and 

variations can be made to the structure of the present invention without departing 
from the scope or spirit of the invention. In view of the foregoing, it is intended that 
the present invention covers modifications and variations of this invention provided 
they fall within the scope of the following claims and their equivalents. 



